A highly sensitive method was developed for the determination of the residues of cyromazine (CYR) and its metabolite, melamine (MEL), in herbal and edible plant samples by using reversed phase high-performance liquid chromatography -diode-array detection (RP-HPLC-DAD) with accelerated solvent extraction and solid phase extraction cleanup. The conditions of separation and detection were investigated and optimized. A Waters C18 column (250 3 4.6 mm i.d., 5 mm) was used for the RP-HPLC, with a mobile phase composed of 0.1% trifluoroacetic acid solution and methanol (85:15, v/v, pH 2.6). Under the optimized conditions, good linearity was achieved with a correlation coefficient of 0.9998. The limits of quantification of the method were 2.15 mg/kg for CYR and 2.51 mg/kg for MEL, which are maximum residue limits as low as three orders of magnitude. The recovery values at three spiked concentrations were in the range of 96.2-107.1% with relative standard deviations (RSDs) of 1.1 -5.7% for CYR, and 92.7-104.9% with RSDs of 1.7 -6.1% for MEL. The proposed method allows detection at levels as low as mg/ kg levels for CYR and MEL. The method was validated by liquid chromatography -tandem mass spectrometry, and can be used for the routine determination of CYR and MEL in herbal and edible plant samples with the characteristics of speed, high sensitivity and accuracy, and low consumption of reagents.
Introduction
Cyromazine (CYR) is a triazine pesticide, which is used for fly control in crop production and animal feed by inhibiting insect growth. In recent years, the use of CYR has caused potential environmental and human health problems (1) . CYR can be metabolized via dealkylation reactions in both plants and animals to form melamine (MEL) (2 -4) . MEL can cause food contamination because of its diverse sources and harmful effects on kidneys (5, 6) . China has set maximum residue limits (MRLs) for CYR residue in the range of 0.5-1 mg/ kg, depending on the particular vegetable, but no values have been set yet for herbal and edible plants (7) . The World Health Organization has set the MRLs for MEL in powdered infant formula and other foods and in animal feed, which are 1 and 2.5 mg/kg, respectively (8) . With improvements to living standards, more herbal and edible plants are allowed to be used as health foods (9) . Because of some aspects of illegal operations in planting, deep processing and circulation of the product, there are some potential security risks from residues of CYR and MEL in herbal and edible plants.
Consequently, the development of accurate and reliable methods for the determination of both CYR and MEL in plant-origin foods is required for the assurance of food safety.
This study reviewed the research methodologies used for the analysis of MEL and related analogues (10) . Among these, chromatographic methods have been widely used for food analysis. Gas chromatography-mass spectrometry (GC-MS) with derivatization was reported for the determination of CYR and MEL in soil (11) , animal-derived food (12) and animal feeds (13 -14) , in which the limits of quantification (LOQs) ranged from 7.85 to 10 mg/kg. Liquid chromatography (LC) is more attractive than GC because no preliminary derivatization procedures are required. An LC method was reported for the determination of CYR and MEL residues in milk and pork with an LOQ of 0.02 mg/kg in pork (15) and a limit of detection (LOD) of 0.02 mg/kg in poultry, meats and eggs (16) . Reversed phase (RP)-LC was described for the simultaneous analysis of MEL and cyanuric acid with LODs of 6.2 mg/kg for liquid milk samples and 11.5 mg/kg for egg samples (17) . Molecularly imprinted monolith coupled online with LC for the simultaneous quantitative determination of CYR and MEL was presented, with LODs of 50 mg/L for CYR and 120 mg/L for MEL in milk (18) . A simple and sensitive method was developed for the simultaneous detection of CYR, MEL and their metabolites in samples from animal origins; the LODs and LOQs were 10 and 40 mg/kg for LC-ultraviolet (UV) detection and 5 and 15 mg/kg, respectively, for LC-tandem mass spectrometry (MS-MS) (19) . An anion-pair LC-MS-MS method was reported for the determination of CYR and MEL in chard samples with LOQ of 0.05 mg/kg (20) . Although many methods have been established for the determination of CYR and MEL, the complicated procedures and low sensitivity still proscribe the application of these methods to the analysis of food samples. The LC -MS-MS system is highly sensitive, but it is not widely available in general laboratories because of its high price. Therefore, it is of critical importance to develop a simple and sensitive method for the simultaneous analysis of CYR and MEL in human food. Thus far, there has been no report on the simultaneous determination of CYR and MEL in herbal and edible plant samples.
Sample pretreatment is always a crucial step in determining the LOD levels of the overall method, especially when many samples are involved and rapid extraction becomes even more essential. To extract CYR and MEL from matrices, various traditional methods (12, 20) have been studied, but most have required large volumes of solvents and have been time consum-ing. After traditional extraction with solvent, a solid-phase extraction (SPE) column was used to clean up extracts of CYR and MEL (12, 14 -17) , but the recovery and precision need to be improved. Before high-performance liquid chromatography (HPLC) analysis, the pseudo-template molecularly imprinted polymer was applied for SPE of CYR and its metabolite, MEL, from eggs and milk (21) . This method has satisfactory recovery, but sensitivity information was not reported. Recently, the authors reviewed the application of accelerated solvent extraction (ASE) to multiresidue analysis for food and feed (22) . ASE is a solid -liquid extraction process performed at high temperatures (50-2008C) and high pressures (10-15 MPa); its primary advantages over traditional extraction methods are dramatic decreases in the extraction time and the amount of solvent used. There is only one study that used an ASE procedure with 90% methanol -water (v/v) as solvent for the extraction of CYR, MEL and their metabolites from animal origins, with LOQ of 40 mg/kg for LC-UV and 15 mg/kg for LC-MS-MS (19) . For achieving trace residue analysis with speed, high throughput and high sensitivity, it is important to develop a new and effective extraction-cleanup system.
The purpose of this paper is to develop an RP-HPLC-diode array detection (DAD) method for the effective separation and simultaneous determination of CYR and MEL by using an ASE procedure with hot water as solvent, followed by SPE cleanup. To assess its applicability, the proposed method was applied for the analysis of different herbal and edible plant samples with speed and high sensitivity, and was validated by LC-MS-MS.
Experimental
Chemicals and reagents CYR ( purity: .99.5%), MEL ( purity: .99.5%), methanol (HPLC grade) and trifluoroacetic acid (analytical grade) were purchased from Tianjin Kermel Chemical Reagents Centre (Tianjin, China). A ProElut PXC SPE cartridge (60 mg/3 mL) was purchased from Dikma Technologies, Inc. (Tianjin, China). Celite (0.037 -0.097 mm, silicon dioxide content: !90%) was obtained from Titan Instruments Co. (Beijing, China).
Individual stock standard solutions (1 mg/L) were prepared by dissolving the CYR and MEL in a mixture of methanol and water (4:1, v/v), which were stored at 48C in amber glass bottles. A fresh working standard solution was prepared daily by diluting the stock solution with a mixture of methanol -water (4:1, v/v) for different studies. The solution and methanol were filtered through 0.22 mm microporous membranes of polyvinylidene fluoride before use. Distilled water was further purified by a Molelement 1820a ultra-pure water apparatus (Molecular, Shanghai, China) and filtered through a 0.4 mm microporous membrane of mixed cellulose ester. A mixture of water ( pH adjusted with trifluoroacetic acid to 2.6)-methanol (85:15, v/v) was used as a mobile phase for HPLC analysis.
Instruments
The HPLC equipment was a Waters HPLC system (Waters, Milford, MA), which consisted of a binary pump (Waters 1525), an online degasser and a diode array detector (Waters 2998). Breeze 2 workstation was used as the data acquisition system.
The analytical column was a SyMELetry C18 column (250 Â 4.6 mm, i.d., 5 mm). It was connected to an inline precolumn filter kit. The column was thermostated at 358C during all analyses with a column heater (Model 1500). An APLE 2000 automatic accelerated solvent extraction apparatus (Titan, Beijing, China) was equipped with 11 mL stainless-steel extraction cells. An Agilent 1200-6410 series rapid resolution LC-MS-MS system (Agilent, Palo Alto, CA) was used for the confirmation of analytes. Data acquisition and evaluation used ChemStation software (Agilent). An Agilent Zorbax RX-SIL (150 Â 2.1 mm i.d., 5 mm) was thermostated at 358C with a thermostated column compartment (Agilent 1200).
Sample extraction and cleanup
All herbal and edible plant samples were purchased from a market. These samples were ground into powder. The bottom of the ASE extraction cell was covered with a cellulose filter to prevent fine powder from breaking through into the collection bottle. After this, 2 g of the sample was transferred into the extraction cell, which was mixed with 1 g of celite to improve the permeability. Each internal standard solution was added directly to the sample. The samples were extracted with water ( pH 3.0 adjusted with trifluoroacetic acid) under the following conditions: preheating for 2 min, heating for 3 min, extraction at 10.0 MPa and 708C, static extraction for 5 min, two extraction cycles, flush volume of 11 mL Â 40% and purge time of 1 min.
Individual raw extracts were transferred into 50 mL pearshaped flasks and concentrated to 3 mL by a rotary evaporator at 608C for 15 min. The ProElut PXC SPE cartridge (60 mg/3 mL) was activated with 3 mL of methanol and equilibrized with 3 mL of water. After the 3 mL of concentrated extract was passed through the cartridge at a flow rate of 1 mL/min, the cartridges were washed in turn with 3 mL of hydrochloric acid (0.1 mol/L), and the eluate was discarded. The analytes in the cartridge were eluted with 3 mL of 25% ammonia solution -methanol (1:20, v/ v). The eluate was evaporated to dryness under a stream of nitrogen at 408C. The obtained residue was redissolved with 1.0 mL of water ( pH 2.6, adjusted with trifluoroacetic acid)-methanol (4:1, v/v) for HPLC analysis.
HPLC analysis
After the C18 column was conditioned with a mobile phase of water ( pH 2.6)-methanol (85:15, v/v), a 20 mL volume of sample solution was injected into the column and eluted with the mobile phase at 0.7 mL/min and 358C. CYR and MEL were detected by DAD at 239.2 and 235.7 nm, respectively. Analytical calibration curves for the relationship between concentration of analytes and their peak areas were calculated by using weighted least-squares regression.
LC-MS-MS conditions
The flow rate of the mobile phase was set at 0.3 mL/min. A 20 mL volume of the sample solution was injected into the Agilent Zorbax RX-SIL column (150 Â 2.1 mm i.d., 5 mm), thermostated at 358C. The mobile phases consisted of 0.1% formic acid (A) and acetonitrile (B). Gradient elution program was as follows: A was increased linearly from 10 to 90% for 0 -10 min and retained at 90% for 7 min. The electrospray ionization (ESI) source and multiple reaction monitoring (MRM) were applied; the parent and fragment ions were monitored at Q1 and Q3, respectively. Positive ionization mode was employed. The optimization of MS parameters ( precursor ions, collision energy, collision cell exit potential and quantification and confirmation transitions) was performed by flow injection analysis for each compound dissolved in the mobile phase. Table I shows the values of the optimized parameters and the selected MRM transitions.
Results and Discussion

Selection of detection wavelength
To choose a suitable detection wavelength, it was found by abstracting spectral information from the chromatogram with the Breeze 2 workstation that the maximum absorption wavelengths were 213.3 nm for CYR and 210 nm for MEL, but several coextracted matrix components showed a strong absorption at the wavelength from 210 to 220 nm. When scanned at a wavelength from 230 to 400 nm, CYR and MEL had stronger absorption and the absorption of coextracted matrix components weakened significantly. Further tests showed that the maximum peak areas were obtained at 239.2 nm for CYR and 235.7 nm for MEL (Supplementary Figure 1) . Consequently, 235.7 and 239.2 nm were chosen as the detection wavelengths.
Optimization of separation conditions CYR and MEL are highly polar compounds, and normally it is difficult to obtain enough retention in a C18 column to separate the analytes from salts and polar matrix components. To improve the retention, an RP C18 column can be used (17, 18) . The initial test for the separation of CYR and MEL was conducted by using a SyMELetry C18 column. For satisfactory separation on the C18 column, the mobile phase was investigated in detail ( Figure 1) . The retention times of MEL and CYR were 2.5 and 5.0 min, respectively, with water-methanol (85:15, v/v, pH 2.6 adjusted with hydrochloric acid) and a flow rate of 1.0 mL/ min, but the chromatographic peak of CYR showed strong peak tailing ( Figure 1A ). When the pH was adjusted to 2.6 with trifluoroacetic acid instead of hydrochloric acid, the tailing case was suppressed and the retention times of MEL and CYR were 2.0 and 2.9 min, respectively ( Figure 1B ). When the flow rate was decreased to 0.7 mL/min, a satisfactory result was obtained ( Figure 1C ). Therefore, a solution of water ( pH 2.6, adjusted with trifluoroacetic acid)-methanol (85:15, v/v) at 0.7 mL/min was selected as a mobile phase for the separation of MEL and CYR in herbal and edible plant samples.
Optimization of extraction and cleanup MEL and CYR are weakly alkaline compounds. By using different solvents, the extraction for CYR and MEL can be conducted in neutral conditions (12, 18, 19) , acidic conditions (14, 17, 20) and alkali conditions (11, 15, 16, 24) . Different types of extraction solvents yielded different extraction efficiency values. The polarity of water can be varied close to those of alcohols. It can dissolve a wide range of media and low polarity analytes. The use of hot water as extraction solvent has steadily become an efficient, low cost, environmentally friendly method for less polar organic components from food and feed samples (22) . According to the characters of CYR and MEL, for which the solubility in water increases with increased temperature, water was selected as an extractant. The effects on the extraction of pH from 2.5 to 7.0 ( pH adjusted with trifluoroacetic acid) and temperature from 65 to 858C were investigated. The results for extraction from a yam sample are given in Tables II and III. The recovery of CYR and MEL decreased with increased pH from 3.0 to 7.0. Satisfactory recovery was achieved with water at pH 3.0. With increased temperature from 70 to 858C, the Figure 1 . Chromatograms of CYR and MEL with water -methanol (85:15, v/v, pH 2.6) as a mobile phase at different flow rates: using hydrochloric acid to adjust the PH, flow rate 1.0 mL/min (A); using trifluoroacetic acid to adjust the pH, flow rate 1.0 mL/min (B); using trifluoroacetic acid to adjust the pH, flow rate 0.7 mL/min (C). recovery decreased for CYR and increased for MEL. The recovery of CYR decreased to 79.1% over 858C; it is possible due to that CYR was partly degraded to MEL. The best extraction efficiency was achieved with water ( pH 3.0) under 708C. To remove some coextracted matrix components from the raw extracts, the primary test compared the cleanup efficiency by using different cartridges including C18, Oasis MCX, Cleanert PCX and ProElut PXC SPE cartridges. The last of these resulted in better cleanup of the raw extracts. This cartridge has two retention mechanisms, cation-exchange and RP. The extractions for CYR and MEL were performed with trifluoroacetic acid to promote their protonation. Thus, the efficiency of extraction on the PXC SPE cartridge could be increased. After the extracts of CYR and MEL obtained with water ( pH 3.0) flowed through the PXC SPE cartridges, the laden cartridges were washed in turn with 3 mL of 0.1 M hydrochloric acid to remove some coextracted matrix components. The analytes withheld in the cartridges were eluted with 4 mL of 1:20 (v/v) 25% ammonia solution -methanol and the eluate was evaporated to dryness at 408C under a stream of nitrogen to prevent oxidation of the analytes. The obtained residue was redissolved in 15:85 (v/v) methanol -water, the amount of which affected the response to the analytes. When the residue was dissolved in 1 mL of this solvent mixture, the final volume was satisfactory for LC analysis with a high enrichment factor.
Specificity
The chromatograms of CYR and MEL for standards, spiked blank and blank samples were investigated, as shown in Figure 2 . The retention time of each analyte in blank matrix and standard solution was consistent, showing no matrix interferences. The retention time of each analyte in eight herbal and edible plant samples was basically consistent. Effective baseline separation of the analytes was achieved for real herbal and edible plant samples. No interfering peak was observed at the retention times of CYR and MEL. Quantification was conducted by using analytical calibration curves.
Linearity and detection limit
Under the optimized conditions, the linearity for the analysis of spiked real samples was evaluated with the measured peak areas of the spiked standards for CYR and MEL against their concentrations (number of points, n ¼ 7).
The linear regression equations were as follows: for CYR, Y ¼ 1.570 Â 10 2 C þ 2.1.57; for MEL, Y ¼ 1.364 Â 10 2 C þ 1.5.07, where Y is peak area based on three parallel measurements and C is the concentration (mg/L) of CYR and MEL. The linearity was satisfactory in the ranges of 4.3-1,300 mg/L for CYR and 5.0 -1,700 mg/L for MEL, with a correlation coefficient (r) of 0.9998.
The LOD was determined as the sample concentration that produced a peak with a height three times the level of the baseline noise, and the LOQ was calculated as the sample concentration that produced a peak with a height 10 times the ratio of signal to noise. The instrument LOD values were 1.3 and 1.5 mg/ L for CYZ and MEL, respectively. For five determinations, the relative standard deviations (RSDs) were 2.1% for CYR at 4 mg/L and 1.3% for MEL at 5 mg/L.
For 2 g of sample and 1 mL of the final solution, the LODs of the method were 0.65 mg/kg for CYR and 0.76 mg/kg for MEL, and the LOQs of the method were 2.15 mg/kg for CYR and 2.51 mg/kg for MEL, which are MRLs as low as three orders of magnitude (7, 8) . Otherwise, the sensitivity of the method is higher than those of previous GC -MS (11 -14) , LC (11, (15) (16) (17) (18) (19) and LC -MS-MS methods (19, 20) , in addition to the standard method (GB/T 22388 -2008) (23) .
Sample analysis
Samples were treated according to the ASE and cleanup procedure. The quantification for CYR and MEL in eight herbal and edible plants was conducted by using analytical calibration curves. Only one yam contained 3.11 + 0.14 and 2.34 + 0.15 mg/kg of CYR and MEL, respectively. Two weak peaks were observed, as shown in Figure 3 . No CYR and MEL were detected in the other samples.
To examine accuracy, the recovery values were investigated at three spiked concentrations lower than the MRL levels. The results are given in Table IV precision of the ASE-SPE-HPLC method are better than that of a previously described ASE-HPLC method (19) .
Method validation UV-DAD spectra of the yam sample were investigated to confirm the existence of CYR and MEL. There are three peaks at 235.7, 213.3 and 239.2 nm, which is consistent with the standard spectra of CYR and MEL (Supplementary Figure 1) . LC-MS-MS was used to identify MEL and CYR in the yam sample. Identification of the analyte in the matrix is based on four criteria: the stability of the chromatographic retention time, which must be better than 2.5% when compared to the retention time in the standard solution; the presence of two relevant transitions from the molecular peak of the analyte; signal-to-noise ratio of the ionic transitions greater than three; and a stable ion ratio between the two transitions for each analyte, in accordance with the tolerances recommended by the Commission Decision 657/2002/EC ( point 2.3.3.2). The ion ratio of each analyte was effectively measured on each of the chromatograms and always corresponded to the less intense signal (low transition) against the most intense signal (high transition). The fragment ion chromatograms and mass spectra for the yam sample are shown in Figure 4 .
The retention times were 6.92 min for MEL and 7.15 min for CYR, similar to the retention time in the standard solution. In the case of CYR, the peaks of two transitions were present, including the characteristic fragment ion of [M þ H-H 2 NCN - þ , m/z 85; the ion ratio was 49.1%. The ion ratios of both analytes were in the range of tolerance for ion ratios. The CYR content, determined by the transition of 167/125, was 3.30 + 0.12 mg/kg, and the MEL content, determined by the transition of 127/85, was 2.75 + 0.08 mg/kg. The results are concurrent with those obtained by the proposed HPLC method, indicating that the proposed HPLC method is reliable. 
Conclusion
A sensitive and validated method was developed for the determination of CYR and MEL residue in herbal and edible plant samples. The proposed method has the characteristics of speed, high sensitivity and accuracy, low consumption of reagents, and allows detection at levels as low as mg/kg levels for CYR and MEL. The method can be used for the routine determination of CYR and MEL in herbal and edible plant samples.
